ABSTRACT Current far-field fluorescence nanoscopes provide subdiffraction resolution by exploiting a mechanism of fluorescence inhibition. This mechanism is implemented such that features closer than the diffraction limit emit separately when simultaneously exposed to excitation light. A basic mechanism for such transient fluorescence inhibition is the depletion of the fluorophore ground state by transferring it (via a triplet) in a dark state, a mechanism which is workable in most standard dyes. Here we show that microscopy based on ground state depletion followed by individual molecule return (GSDIM) can effectively provide multicolor diffraction-unlimited resolution imaging of immunolabeled fixed and SNAP-tag labeled living cells. Implemented with standard labeling techniques, GSDIM is demonstrated to separate up to four different conventional fluorophores using just two detection channels and a single laser line. The method can be expanded to even more colors by choosing optimized dichroic mirrors and selecting marker molecules with negligible inhomogeneous emission broadening.
INTRODUCTION
Conventional and confocal fluorescence microscopy cannot separate similar structures that are closer together than approximately half the wavelength of light (>200 nm) due to diffraction (1) . In the last decade, the diffraction barrier has been overcome by judiciously exploiting the photophysical properties of the markers used to tag the structures of interest (2) (3) (4) . More specifically, employing a molecular mechanism to inhibit the fluorescence emission of adjacent (groups of) markers enabled the separation of inseparable features by causing them to emit sequentially. For example, in stimulated emission depletion (STED) fluorescence microscopy, adjacent groups of molecules are separated by sequentially preventing their fluorescence through stimulated emission. Only a subset of the fluorophores exposed to the excitation light is thus allowed to fluoresce at a given point in time (2, 3) . This concept has been extended by replacing stimulated emission with other fluorescence inhibition mechanisms such as depleting the fluorophore ground state by transferring them in a dark or a nonexcitable fluorescent state (5, 6) , or by cis-trans photoisomerization (7) .
In the early days of fluorescence nanoscopy or superresolution fluorescence imaging, this on-off principle of molecular separation has been implemented in a targeted way, such that the coordinates of molecular emission were predefined by a pattern of light. More recently, other approaches, turning on and off molecular emission stochastically, molecule by molecule, have been invented, implemented, and successfully applied (8) (9) (10) (11) . By using transitions between (metastable) on-and off-states, these methods called photoactivated localization microscopy (PALM) (8, 10) or stochastic optical reconstruction microscopy (STORM) (9) or ground state depletion microscopy followed by individual molecule return (GSDIM) (12) , or direct stochastic optical reconstruction microscopy (dSTORM) (13) , etc., ensure that during each camera frame, statistically only a single marker molecule per diffraction area is in a state where it is able to emit fluorescence. The spatial position of the emitter can then be determined with subdiffraction precision and registered in a position histogram. On and off turning of many marker molecules allows the reconstruction of an image with subdiffraction spatial resolution.
Importantly, the elucidation of complex biological processes often requires the determination of the spatial organization of two or even more types of biomolecules on subdiffraction length scales (14) . Before the advent of optical nanoscopy, colocalization on the nanometer scale (15) (16) (17) could only be investigated by Förster resonance energy transfer (18) or elaborate measurement techniques in very sparsely labeled samples (19) (20) (21) (22) . Fortunately, both the coordinate-targeted and the stochastic nanoscopy approaches are compatible with multicolor imaging. In fact, two-color STED (15, 23, 24) and two-color stochastic nanoscopes (16, 17, 25) have been successfully employed. In all cases, the different biomolecules are tagged with different markers and separation of their signals is accomplished through their spectral properties.
The separation of dyes can be achieved by detection in multiple channels monitoring different wavelength ranges and/or by excitation or activation of different dyes using different excitation wavelengths. Even though the use of several laser wavelengths and/or sequential image acquisition increase complexity and slow down the imaging process, these approaches have been widely used because it was hardly possible to avoid cross-talk when detecting simultaneously. Importantly, by combining single-molecule spectroscopy with single-molecule-based nanoscopy (26, 27) , this problem can be solved. Individual molecules can be classified based on their spectroscopic characteristics, such as the emission spectrum (26, 27) or anisotropy (28) . In bulk measurements, the number of detection channels has to match or even exceed that of the labeled species (14) . In contrast, in single-molecule recordings, two detection channels monitoring different wavelength regions are enough to discriminate between several emission spectra. Because all photons emitted by a marker during a camera frame can be assigned to this marker, its emission spectrum leads to a characteristic photon count ratio between the two channels, thus identifying the type of marker (26, 27) .
Unfortunately, the full potential of this approach has yet to be exploited because the number of chromatically distinguishable photoswitchable probes is limited. When available, limitations often arise from lack of biocompatibility. Further, their labeling and switching performance under certain conditions may be insufficient or they may call for dedicated activation lasers. In cells, this approach has therefore been limited to nanoscale imaging of two different biomolecules (27, 29) , which may not be sufficient for some biological applications. Therefore, a single-molecule-based stochastic nanoscopy approach relying on standard fluorophores is highly interesting. In fact, it has been suggested to transiently turn off (conventional) fluorophores by switching them from their usual on-to a transient offstate (30) , particularly by depleting their ground state and transiently transferring them in a dark (triplet) state. Contrary to PALM and the standard versions of STORM, this approach uses conventional fluorophores. These fluorophores are initially in their regular fluorescent state, but after continuous excitation are subsequently largely inactivated. As a consequence, only individual, isolated fluorophores are left in their active singlet system. This approach has been termed ground state depletion microscopy followed by individual molecule return (GSDIM) (12) , and is also reported as direct stochastic optical reconstruction microscopy (dSTORM) (13, 31) or blinking microscopy (32) . All these approaches greatly benefit from appropriate engineering of their dark (triplet or redox) states. This may entail the use of an embedding medium with low oxygen mobility or the presence of reducing and/or oxidizing compounds (12, 13, (31) (32) (33) (34) . It has thus been shown that images of biological specimens with down to 10-nm resolution can be realized with a multitude of commercially available organic dyes (12, 13, (31) (32) (33) (34) or fluorescent proteins (12, 34, 35) even in living cells (12, 31, 35) . This greatly enlarges the pool of markers available for single-molecule-based multicolor nanoscopy under various imaging conditions. By careful selection of the markers used and spectral splitting of fluorescence in the two detection channels, we were thus able to combine GSDIM and single-molecule spectroscopy to discriminate up to four molecular species at the nanoscale. Our nanoscope operates with a single laser line, with a single camera and with only two detection channels implemented in two distinct regions of the camera chip. The single-molecule approach enabled us to generate multicolor nanoscopy images of fixed and living mammalian cells using labels with emission spectra shifted <20 nm. Our results thus demonstrate that, owing to the wide range of fluorescent organic dyes and proteins, nanoscopy by GSDIM allows for great flexibility in biolabeling, under some conditions, even in living cells. At the same time they enable the design of true multicolor imaging applications. In fact, we present approaches that will allow, in the future, singlemolecule-based stochastic nanoscopes to resolve even more than four species at once. Simple and yet most sensitive GSDIM multicolor imaging further extends the applicability of far-field nanoscopy and allows tackling many scientific tasks that, to our knowledge, have so far been out of reach.
MATERIALS AND METHODS

Fixed cells-immunofluorescence
PtK2 cells were utilized in all of our experiments. These cells originate from the kidney epithelia cells of the marsupial Potorous tridactylus. For immunolabeling the cells were grown on coverslips to a confluence of 80%, fixed with 8% (w/v) formaldehyde in phosphate-buffered saline (PBS, 137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7) for 5 min at 37 C, extracted with 0.5% (v/v) Triton X-100 in PBS and blocked with 5% (w/v) bovine serum albumin in PBS. Immunolabeling of peroxisomes and clathrin was realized using polyclonal rabbit antibodies against Pmp70 (Abcam, Cambridge, UK) and clathrin (Abcam), respectively. For immunolabeling of tubulin rabbit antibodies against a-tubulin (Abcam) and of vimentin mouse monoclonal antibodies against vimentin (Sigma Aldrich, St. Louis, MO) were applied. The primary antibodies were detected with fluorescently labeled secondary antibodies: Alexa488-goat anti-mouse IgG, Alexa514-goat anti-rabbit IgG (Invitrogen, Carlsbad, CA), Cy3-goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA) and goat anti-rabbit IgG antibodies (Jackson ImmunoResearch) custom-labeled with Rhodamine 3C (36) or Atto532 (Atto-Tec, Siegen, Germany). We applied two sets of blocking antibodies, mouse antichicken/goat anti-mouse (FAB) and rabbit anti-chicken/goat anti-rabbit (FAB) (Jackson ImmunoResearch) to facilitate double immunolabeling with primary antibodies derived from the same species. Alexa488-phalloidin (Invitrogen, Carlsbad, CA) was applied for labeling F-actin filaments. After labeling, the samples were spincoated with poly-vinyl-alcohol (PVA, 1%, pH 8.4), and directly observed in the microscope.
Living cells
Living PtK2 cells were either labeled by an organic dye using the SNAP tag technology (Covalys Biosciences, Witterswil, Switzerland) (37, 38) or by different fluorescent proteins. We tagged Caveolin 1 (Cav1) and Caveolin2 (Cav2) with hAGT at their C-termini, the microtubule-associated protein 2 (MAP2) with hAGT at its N-terminus, and b-actin with mCherry at its C-terminus. The respective plasmids were constructed by Gateway vector conversion (Invitrogen) from the donor vectors pDONR223-Cav1, pDONR223-Cav2, pDONR223-b-actin, and pDONR223-MAP2 and the empty destination vectors pMD-mCherry-N, pSEMS-SNAP26m-Gateway, and pSEMS-Gateway-SNAP26m (Covalys Biosciences). To target the fluorescent protein Citrine (39) to the lumen of the endoplasmic reticulum (ER), the coding sequence was amplified by polymerase-chain reaction (PCR) using the primers CTG CAG GTC GAC ATG GTG AGC AAG GGC
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GAG GA and TTC TGC GGC CGC CTT GTA CAG CTC GTC CAT GCC GCC GGT. The PCR fragments were digested with SalI and NotI and inserted into the vector pEF/myc/ER (Invitrogen). The resultant fusion proteins were directed to the ER and then retained in this organelle. For transfection, the PtK2 cells were grown overnight on glass coverslips. After reaching~80% confluence, the plasmids were introduced using the Nanofectin kit according to the manufacturer's instructions (PAA, Pasching, Austria). At 48-72 h after transfection, the cells were prepared for microscopy. For labeling SNAP-tagged proteins, cells transfected with the respective constructs were incubated for 15-30 min at 37 C in Dulbecco's Modified Eagle Medium (DMEM) containing 1 mM SNAP-Cell TetraMethyl-Rhodamine (TMR)-Star or SNAP-Cell Oregon Green (New England Biolabs, Ipswich, MA). Afterwards, they were washed for >30 min in DMEM without dye. Imaging was performed in DMEM (without phenol red) containing 10 mM HEPES.
Multicolor nanoscopy
Multicolor nanoscopic GSDIM imaging was performed on a home-built setup as described before (27) (Fig. 1 a) . The nanoscope was equipped with a continuous-wave 488 nm laser line (Ar-Kr laser Innova 70C-5; Coherent, Santa Clara, CA) for fluorescence excitation, an oil immersion objective lens (HCX PL APO 100Â/1.4 oil; Leica, Wetzlar, Germany), for creating an~(34 Â 34) mm 2 large excitation spot and for collection of fluorescence, and with a fast electron-multiplying charge-coupled device (EMCCD) camera (IXON-DU-897-CSO-BV; Andor Technology, Belfast, Northern Ireland) for detection of fluorescence in epi-direction. The use of an EMCCD camera at high gain ensured that the read-out noise was negligible. The frame rate of the camera was optimized to minimize the background (76 Hz in fixed and 100 Hz in living cells) (11, 40) . Two-color detection was realized by splitting up the detected fluorescence using a dichroic mirror (z550DCXR or z560DCXR; AHF Analysentechnik, Tübingen, Germany) and imaging onto two separate regions of the camera. The fluorescence was further cleaned by inserting a band-pass filter (532/75 and 576/80, respectively; AHF Analysentechnik) to minimize the out-ofband background in each channel.
Image acquisition, localization, spectral assignment, image reconstruction, and simulations of two-dimensional histograms were performed as described in detail before (27) . In most cases, image acquisition was started after dark-state transfer and prebleaching parts of the fluorophore ensemble until blinking of single emitters was observed. Appropriate thresholding of photon numbers ensured the minimization of multimolecular events (27) . The unwanted presence of multiple molecule events can be detected by monitoring the brightness distribution of the events and, e.g., excluding parts of the sequence where the average brightness is above a certain threshold (27) . We defined the average number of photons n fl detected per single emitter by the expectation value of the geometrical distribution of photon counts per spots detected over the whole image recording process. The cross-talk of spectral assignment was determined from the number of falsely allocated events of the GSDIM recordings of the single labeled samples. For the respective wide-field images, we simply added up the photons detected for all single-molecule events in the two channels, respectively. This gives the most direct comparison, because these images are established at the same time, with the same signal and with the same experimental parameters as the GSDIM images.
RESULTS AND DISCUSSION
We realized multicolor nanoscopic GSDIM imaging on a conventional wide-field fluorescence microscope (Fig. 1 a) equipped with a single continuous-wave 488 nm laser line for excitation and a fast EMCCD camera for detection of single-molecule fluorescence, respectively. The illumination spot was~30 mm in diameter. GSDIM is based on transferring most of the fluorescent markers into a metastable dark state such as the triplet or redox states, so that only a single marker molecule within the diffraction area is able to emit fluorescence during a camera recording frame. This oftentimes requires specific engineering of the molecular environment to realize long dark-state lifetimes and short but bright fluorescence bursts (12, 13, (31) (32) (33) . In our imaging of fixed cells we achieved such conditions by PVA embedding, and irradiating the fluorescently labeled cellular samples with a rather high laser intensity of z10 kW/cm 2 (12) (Fig. 1 b) . The fluorescence of those molecules residing in their fluorescent (bright) state was detected and their spatial coordinates were calculated from the diffraction limited spot on the camera. As molecules constantly convert to and return from the dark state, the positions of a large number of markers could be determined by analyzing a long series of camera frames recorded in sequence (12) . To minimize background noise, we adjusted the camera frame time to 13 ms, thus approximately matching the on-time of the markers (11, 40) .
PVA is a commonly used mounting medium for fixed cells. Mounting in PVA usually results in a prolongation of the lifetime of the embedded fluorophores' dark triple state (due to, for example, a reduced mobility of molecular oxygen), or in the reinforcement of long-lived radical states (41) . These dark states may open up very efficient photobleaching channels (42) . This is, in principle, of minor importance for GSDIM, because a fluorophore may be FIGURE 1 (a) Multicolor nanoscopy setup based on GSDIM, which is essentially a wide-field microscope equipped with a single continuouswave laser source (Argon 488 nm) and a fast EMCCD camera. Fluorescence is collected by a microscope objective with high numerical aperture (OBJ), separated from the excitation light by a dichroic mirror (DC), split by another dichroic mirror (DC) into two wavelength ranges, and imaged onto two separate areas (area 1 and area 2) of the same EMCCD chip. Labels: (M) Mirror; (FF) fluorescence filter; (TL) tube lens. (b) Three consecutive exemplary camera frames of our GSDIM recordings of Fig. 2 showing on-off blinking of single isolated fluorophores with different ratios of signal counts in the area 1 (>550 nm) and area 2 (<550 nm) of the camera (blue circle, Alexa488 assignment; green circle, Atto532 assignment; red circle, Cy3 assignment). Scale bar 1 mm.
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allowed to photobleach after it has been registered, i.e., after it has been switched on once. Multiple imaging of the same sample region or an optimized image contrast, however, require a large number of on-off blinking events, i.e., a large photostability, which is sufficiently given for a number of dyes in PVA, including those used in our experiments (6, 12) .
The key to our multicolor detection scheme is the separation of the fluorescence signal into two channels, monitoring different wavelengths ranges (Fig. 1 a) . Because we observe single molecules only, the number of colors to be separated may significantly exceed the number of detection channels (26) . The fluorescence of a single emitter is automatically split into the two channels with a characteristic ratio depending on its emission spectrum (Fig. 1 b) . This ratio uniquely identifies the molecular species and therefore allows the classification of each event (26, 27) . Because the procedure relies exclusively on differences in the emission spectrum, it avoids sequential recording of the various colors, and can be implemented using a single laser line only. Fig. 2 a shows a three-color GSDIM nanoscopy image of F-actin, clathrin, and tubulin in fixed PtK2 cells. Labeling was performed with the commercially available organic dyes Alexa488, Atto532, and Cyanin 3 (Cy3), respectively. The three cellular structures could be separated with a spatial resolution far below that of the conventional fluorescence image. From the average number of photons detected per single emitter (n fl z 700-800), we estimated a localization accuracy of d ¼ d 0 /O(n fl /2) z 15 nm (where d 0 z 270 nm is the diameter of the point-spread-function of the classical wide-field microscope) (27) . The actual spatial resolution of our GSDIM images may be slightly elevated due to, among others, sample drifts over the~20-min-long recording time. The three different dyes were readily distinguished due to their slightly different emission characteristics. Fig. 2 b depicts the fluorescence emission spectra, which are shifted by only~30-40 nm between the different markers. Further, the dye-characteristic two-dimensional intensity histograms are shown (Fig. 2 c) , highlighting the number of events registered for each combination of photon counts in the two detection channels. These histograms are the gauge measurements performed on single-stained samples before each experiment, to account for possible variations of the emission spectra with changing labeling or imaging conditions. When normalized, they give the probability distribution of detecting certain photon count pairs for each molecular species based on which unknown events can be assigned to one of the marker species. Here we used the common strategy of assigning each event to the species which produces the registered photon count pair with the highest probability (27) . In a sample where all species occur with the same probability, this approach minimizes false assignments. Fig. 2 d shows the probability of a correct assignment for each possible photon count pair. The black regions are excluded due to insufficient calibration data (27) . Despite the use of a single excitation laser and a shift of <40 nm of the emission maxima of the different markers, the probability of false classification was <10%. We determined this cross-talk value from the nanoscopy images performed on single-stained samples (Fig. 2 e) . Note that, in addition to its limited spatial resolution, the conventional wide-field image did not allow to Cy3. The color table encodes the confidence of assignment, i.e., the probability of a correct assignment if all marker species are assumed to occur with the same frequency. It drops to~50% in regions where the distributions in panel b strongly overlap but events are less probable. Black regions are excluded due to photon thresholds or insufficient calibration data. The assignment cross-talk could be further reduced at the cost of dynamic range by excluding regions where the confidence is below a certain threshold. (e) Nanoscopy images of the single-stained samples (upper panels, Alexa488-f-actin; middle panels, Atto532-clathrin; lower panels, Cy3-tubulin) for each assigned color (left panels, Alexa488 assignment, region 1 of panel d; middle panels, Atto532 assignment, region 2 of panel d; right panels, Cy3 assignment, region 3 of panel d). The probability of false classification or the assignment cross-talk is <10%. I ¼ 10 kW/cm 2 , 90,000 camera frames, frame time 13 ms, scale bar 2 mm.
a straightforward color assignment (inset, Fig. 2 a) , because more than just two detection channels and linear-unmixing algorithms would be necessary to accurately distinguish three or more colors (14) .
We note that the single-molecule approach allows further reduction of cross-talk by simply discarding events in regions where the confidence of assignment is low, i.e., where the values in Fig. 2 d are below a certain threshold (27) . In fact, depending on the problem at hand, the assignment procedure can be tailored even further by changing the strategy. For example, false positives of a species can be reduced by trading-off dynamic range in this channel. Obviously, our analysis approach cannot identify or compensate the minor cross-talk problem common to all multicolor immunolabeling, i.e., a possible cross-reactivity of the utilized antibodies. We minimized such cross-reactivity by using antibodies derived from different host species or by blocking of free binding sites.
Importantly, our nanoscope performs well with almost any organic dye and we can thus choose from a large range of potential markers (12) . With Alexa488, Alexa514, and Rhodamine 3c (36) , the nanoscopy image shown in Fig. 3 a exemplifies another marker combination, realizing an equally accurate color separation while again applying a single excitation laser. So far, we have used a dichroic mirror centered at 550 nm to separate the fluorescence emission onto the two channels. Shifting this separation wavelength to 560 nm resulted in a marked tilt of the twodimensional photon distributions (Fig. 3 b) . This shift left potential space for an additional color at the expense of a slightly increased assignment cross-talk when not discarding any events (~20%). Thus, while hardly compromising the quality of the nanoscopic multicolor image (Fig. 3 b) , this additional freedom allowed us to record a four-color image applying Alexa488, Alexa514, Rhodamine 3c, and Cy3 as markers for F-actin, peroxisomes, tubulin, and clathrin, respectively (Fig. 3 c) . Note that, in this case, the fluorescence emission maxima of the markers were separated by 20 nm only.
Comparing the histograms in Fig. 3, a and b , highlights the importance of choosing the right dichroic mirror for spectral separation. Its transmission characteristic determines the splitting ratios for the dyes and has thus a major impact on the quality of assignment in our experiments. To this extent, we investigated toward an optimized experimental setup, where either cross-talk is minimized or where the potential number of simultaneously recorded markers is maximized. Fig. 4 shows simulated two-dimensional photon histograms of the four dyes Alexa488, Alexa514, Rhodamine 3c, and Cy3 for different transmission curves of the dichroic mirror. The histograms were simulated by calculating the expected splitting ratio from the emission spectra (27) . Broadened only by shot noise, the simulated histograms are considerably narrower than in the experimental gauge measurements. This is mainly due to inhomogeneous broadening in the experimental case, i.e., the fact that while each dye species has a characteristic average splitting ratio, its value may vary from molecule to molecule. Possible reasons for this fact are spectral shifts due to the heterogeneous cellular environment, solvent interaction, and-importantly-the fact that the transmission of the dichroic mirror depends on the polarization of the emitted fluorescence, and hence the orientation of the dye molecule. The resulting broadening is the main limiting factor when extending multicolor nanoscopy to >4-5 colors (27) . It may be overcome by applying less environment-sensitive markers and by optimizing dichroic mirrors to eliminate the dependence of the splitting ratio on the dye orientation. At the same time, it is important to choose dichroic mirrors that are specifically designed to separate the distributions of the dyes used in an experiment. For example, using a dichroic mirror with a more flattened, ramplike transmission characteristic moves the distributions closer to the bisecting line, allowing for additional blue and red dyes. On the other hand, for our limited number of four dyes, the use of a dichroic with a perfect step in its transmission spectrum decreases cross-talk from~7% for the experimental dichroic mirror to <6% (Fig. 4) .
Our multicolor nanoscopy approach can also be applied to living cells. It has been shown that on-off blinking of conventional fluorescent markers in living cells may be facilitated by intrinsic dark states as for, for example, fluorescent proteins (12, 35, 43) or by reducing agents such as glutathione that are naturally present in the cellular cytoplasm (31) . Fig. 5 shows nanoscopy images of different structures in living PtK2 cells, labeled either with the organic dye TMR via a SNAP tag (37, 38) or with the fluorescent protein Citrine (39) . Both the SNAP tag and the Citrine-fused proteins were expressed by the cell. The membrane-permeable, functionalized organic dye TMR binds specifically to the SNAP tag fusion protein. In this way, we could visualize structural details of the distribution of the microtubule-associated protein 2 (MAP2), the endoplasmatic reticulum (ER), or of Caveolin 1 (Cav1) and Caveolin 2 (Cav2) with nanometer spatial resolution. Again, we determined a localization accuracy of d z 15 nm from the average number of photons n fl z 650-700 detected per single emitter. In the case of Citrine-ER, the quality of the nanoscopic images is somehow poorer than those of the ER recorded previously with the photoswitchable protein rsCherryRev (44) or by STED nanoscopy with conventional organic dyes (45) . The number of blinking events before irreversible photobleaching, i.e., the maximum number of on-off cycles, is likely to be lower for Citrine than for photoswitchable fluorescent proteins such as rsCherryRev, resulting in a reduced contrast of the reconstructed GSDIM image (12) . The different emission characteristics of TMR and Citrine (Fig. 5, d and e) allowed multicolor nanoscopy imaging in living cells (Fig. 5 c) .
Other markers such as the membrane-permeable organic dye Oregon Green or the fluorescent protein mCherry (46) were equally well applicable in living cells and may complement our multicolor experiments.
CONCLUSIONS
We present multicolor far-field GSDIM nanoscopy based on depletion of the molecular fluorescent state followed by stochastic on-and off-transitions of single emitters. On-off blinking is based on transferring the fluorescent markers into a transient dark state and is realized with conventional and commercially available fluorescent markers, facilitating a flexible choice of bright and biocompatible fluorophores. This flexibility allowed us to record images of cellular structures with nanoscale resolution and to simultaneously separate up to four differently labeled features. Our approach only requires a single laser line and two detection channels on a single camera. The fluorescence maxima of the employed markers were separated by <20 nm. Modern tagging technologies such as SNAP tag and fluorescent protein fusion enabled simple access to live-cell multicolor nanoscopy.
The images featured cross-talk of generally <10%, which is sufficiently low for visualizing structures which are either spatially separated or have similar densities of detected markers (equaling brightness in the position histogram). In some applications, this is not readily achieved, and a certain marker species may be much more abundant than another. In such cases, the assignment strategy may be altered to avoid cross-talk from the bright channel to the darker channels to increase their precision at the cost of further reducing their dynamic range. This problem can be overcome by optimizing the wavelength separation of the fluorescence detection, the transmission spectrum of the dichroic mirror, or by reducing the inhomogeneous broadening of fluorescence emission in the cellular environment. At the same time these measures may well allow multicolor GSDIM nanoscopy with more than four colors.
A general problem of the stochastic single-molecule readout is that dynamic range is reduced because some switching events are missed, due to the necessary photon thresholding or the prebleaching of parts of the fluorescence ensemble until single-molecule signatures are detected. Specific engineering of the on-and off-rates of the markers can be used to optimize the density of switched-on markers and the brightness distribution of the events, thus increasing the part of switching events that contribute to the final image. For example, optimization of the dark state population has been realized by addition of certain reducing and oxidizing agents (31, 32, 47, 48) or by additional laser light (12, 49) . We also note that colocalization investigations may be affected by a bias in orientation of the transition dipole of molecules that are not able to freely rotate in space.
Our wide-field approach lacks resolution by optical sectioning along the axial direction. Most events from outside the focal plane are neglected due to the photon threshold, thus limiting the depth of field and minimizing potential blurring from such contributions. We note, however, that multicolor GSDIM nanoscopy is readily extended to three-dimensional nanoscale imaging by using established techniques such as optical astigmatism (50), multiple-plane detection (51) , a double-helix point spread function (52) , or a 4Pi detection scheme (53, 54) . The depth of field remains limited in these approaches but can always be increased by sequentially recording different sample planes.
For the stochastic single-molecule readout, the observation of cellular dynamics tends to be limited due to somewhat longer acquisition time. However, with efficient analysis algorithms in hand (55, 56) , the observation of (slow) dynamics should be straightforward (57, 58) .
In summary, by significantly expanding its multicolor capabilities, the approach presented in this work should further improve the power and versatility of far-field fluorescence nanoscopy to characterize cellular substructures and their function.
